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[Document Name] D et ails 

[Name of Invention] Optical Amplifier Device and Optical Amplifying Method 
[Patent Claims] 

[Claim 1] 

An optical amplifier device characterized by being equipped with an optical amplification 
medium that amplifies light, an excitation method for stimulating said optical 
amplification method so as to generate at least one gain peak, and a gain equalizer that 
equalizes the gain of said optical amplification medium, where said gain equalizer 
performs equalization such that gain is produced in the optical wavelength domain of said 
optical amplification medium wherein die gain is not maximized. 

[Claim 2] 

An optical ampUfier device characterized by being equipped with an optical ampUfication 
mediimi that amplifies light, an excitation method for stimulating said optical 
amplification method so as to generate at least one gain peak, and a gain equalizer that 
equaUzes the gain of said optical ampHfication medium in said optical amplification 
medium as a whole, where said gain equalizer performs eqxiaUzation such that gain is 
produced in the optical wavelength domain of said optical amplification medium wherein 
the gain is not maximized. 

[Claim 3] 

An optical amplifier device characterized by being eqmpped with multiple optical 
amplification media for ampUfying the light, an excitation method for stimulating the 
multiple optical ampUfication media so as to produce at least one gain peak, and multiple 
gain equalizers that equalize the gain of said optical ampUfication media between the 
multiple optical ampUfication media, where the multiple gain equalizers ampUfy the light 
in the wavelength region where the gain that is generated by the multiple U^t 
amplification media and the excitation method is not maximized. 

[Claim 4] 

An optical amplification method characterized by being equipped with an optical 
amplification medium doped with rare earth elements, where an excitation Ught source 
for exciting the rare-earth elements in said optical amplification medium and a gain 
equaUzer device that equaUzes the wavelength characteristics of the optical ampUfication 
gain that is generated by the excitation of said ampUfication medium by the excitation 
light source, where said optical excitation Ught source has a population inversion ratio 
wherein gain is generated in the wavelength band of the signal that is amplified by said 
ampUfication medium, where the wavelength band of the signal that is amplified by said 
amplification medium uses a band that does not include the maximum value of the gain 
that is generated by said optical ampUfication medium by said excitation Ught source, 
where said gain equalizer device attenuates the maximum value of the gain in said optical 
amplification medium. 



[Claim 5] 
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The optical amplification device of Claims 1 through 3, characterized by monitoring the 
inputs and outputs of said optical amplification medium (media), and applying feedback 
to the excitation method in order to keep the gain of said optical amplification mediimi 
(media) to a specific value. 

[Claim 6] 

The optical amplification device of Claims 1 to 3, characterized by the provision of a 
resonator(s) containing said optical application medixmi (media). 

[Claim 7] 

The optical amplifier device of Claims 1 through 3, characterized by said optical 
amplification medium (media) being an optical amplifier device(s) wherein the excitation 
causes excited emissions within the medium (media). 

[Claim 8] 

An optical amplifier device characterized by the optical ampUfication medium being 
excited so that the population inversion rates of the optical amplification medium, made 
fi;om erbium-doped fiber, are at a ratio between 0.7 and 1, where said amplifying media 
performs equalization distributively or dispersively so that there will be nearly identical 
wavelength characteristics in said wavelength band passing through the wavelength band 
between about 1490 nm and 1530 nm and the wavelength of the excitation Ught source. 

[Claim 9] 

An optical ampUfier device characterized by the optical amplification medium being 
excited so that the population inversion rates of the optical amplification medium, made 
firom erbium-doped fiber, are at a ratio between 0.8 and 1, where said amplifying media 
performs equalization distributively or dispersively so that there will be nearly identical 
wavelength characteristics in said wavelength band passing through the wavelength band 
between about 1450 nm and 1490 nm and the wavelength of the excitation light source. 

[Claim 10] 

An optical amplifier device characterized by the optical amplification mediixm being 
excited so that the population inversion rates of the optical amplification medium, made 
from erbium-doped fiber, are at a ratio between 0.3 and 1, where said amplifying media 
performs equalization distributively or dispersively so that there will be nearly identical 
wavelength characteristics in said wavelength band passing through the wavelength band 
between about 1610 nm and 1650 nm and the wavelength of the excitation light source. 

[Claim 11] 

An optical amplification method characterized by selecting the population inversion ratio 
of an optical amplification medium and expanding the band over which there is gain 
generated by said optical amplification medium to set the wavelength bands that are used 
in optical telecommunications to a position that differs firom the gain peak value 
generated by said optical amplifier material, equalizing the gain so that the gain will be 
even over the wavelength band used in said optical telecommunications, and attenuating 
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wavelength bands for which there is gain in the optical amplification medium in regions 
except for those wavelength bands used in said optical teleconmiunications. 

[Claim 12] 

An optical amplifier device characterized by being equipped with an optical amplification 
medium that has at least one amplification gain peak and wherein there is population 
inversion by the excitation, and provided with an equalizer that equalizes the gain 
characteristics of said amplification mediimi so as to obtain a nearly even gain band at 
firequencies lower than the peak value of said amplification gain. 

[Simple Explanation of the Invention] 
[0001] 

[Industrial Field to Which the Invention Belongs] 

This invention has to do with optical amplifier devices that amplify optical-wavelength 
composite optical signals that are composites of muUiple optical signals with different 
wavelengths, and has to do with optical communications systems wherein the multi- 
wavelength composite optical signals are relayed multiple times through multiple optical 
amplifier relays, and in particular, this invention has to do with optical amplifier devices 
having new bands that have not existed conventionally. 

[0002] 
[Prior Art] 

The band over which losses are low in optical fiber transmission circuits (less than 
approximately 0.3 dB/km) is the band fi-om 1450 nm to 1650 nm, and a variety of optical 
fiber amplification devices, as shown in Figure 1, have been developed for this 
transmission band. 

[0003] 

At present, the effects of the popular acceptance of portable telephones and the rapid 
increase in Internet services, the demand for telecommunications capacity is expanding 
explosively, and there are intense efiForts globally into the research and development of 
technologies that can increase the capacity that can be transmitted on a single fiber. 

[0004] 

At present, the optical wavelength composite technology that uses the broadband 
characteristics of optical fiber amplifier equipment using silica erbium-doped fibers 
(EDF) has become a critical technology, and the wavelength band is known as both the 
1550 nm band (1530 to 1560 nm) or the C-band (Conventional-wavelength band). 

[0005] 

In addition, for EDF,' optical fiber amphfier equipment for the 1580 nm band (1570 to 
1600 nm) and the L-band (Longer-wavelength band) have been developed, and 
competition has become intense in developing a commercial optical fiber 
telecommunications system that is able to transmit ultra large capacities of a total of 1.6 
terabit/s by modulating each wavelength at 10 Gb/s with about 80 waves in each of the 
band for a total composite of 160 waves. 
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[0006] 

Because there is a capacity of approximately eight THz when C-band and L-band are 
combined, when 10 Gb/s transmission signal channels are established with the 100 GHz 
spacing recommended by ITUT, the overall transmission capacity of 1 .6 terabit can be 
expanded further, although there is a limit at about 6 Tb/s. 

[0007] 

On the otiier hand, there is demand for even greater carrying capacity, and so optical fiber 
amplification devices that have new optical amplification bands in addition to the 
recurrent C-band and L-band optical amplification devices are required. 

[0008] 

In Figure 1 , even though GS-TDFA (gain-shifted thulium-doped fluoride-based fiber 
amplifiers) are being developed as the fibers for amplification in the S-band region from 
1490 nm to 1530 nm, the region where there is gain in the region between 1475 and 1510 
nm, and thus it is difficult to succeed in amplification in the S-band region firom 1510 to 
1530 nm. 

[0009] 

In addition, the 1610 to 1650 nm band is limited to specialty fibers that are either thulium 
or terbium-doped fluoride-based fibers. 

[0010] 

In the optical amphfier device as explained above, the part that is used for the optical 
amplification medium amplifies the light through excited emissions through an inverted 
population of the energy levels through excitation of the part that serves as the optical 
amplification medium. 

[0011] 

There is also Raman fiber amplification, which uses the non-linear effects of fibers. 
[0012] 

Because Raman fiber amplification makes use of non-linear effects of fibers, it has the 
benefit of having a gain in any given wavelength band by selecting the wavelength of the 
stimulating light sources; however, there are problems in that the gain per unit length is 
small, so fibers for optical amplification are required every several kilometers or every 
several dozen kilometers, making miniaturization difficult. 

[0013] 

[Problem This Invention Attempt to Solve] 

In this invention the excited emissions resulting from energy population inversions 
formed in the optical amplification mediiun by excitation outside of the Raman fiber 
amplification (optical ampUfication that uses non-Unear effects) in optical amplification 
devices (rare-earth-element-doped fiber amplification devices or semiconductor optical 
amplification devices (SOA)) are used to provide optical fiber amplification devices that 
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have amplification bands in 1450 to 1490 nm S+- band, the 1490 to 1530 nm S-band, or 
the 1610 to 1650 nm L+- band. 

[0014] 

[Method for Solving the Problem] 

As the No. 1 method, an optical amphfication medium that ampUfies light, an excitation 
method for stimulating said optical amplification method so as to generate at least one 
gain peak, and a gain equalizer that equalizes the gain of said optical amplification 
medimn, are provided to perform equalization such that gain is produced in the optical 
wavelength domain of said optical amphfication medium wherein the gain is not 
maximized. 

[0015] 

As the No. 2 method, an optical amplification medium that amplifies light, an excitation 
method for stimulating said optical amplification method so as to generate at least one 
gain peak, and a gain equalizer that equalizes the gain of said optical amplification 
mediimi in said optical amphfication medium as a whole, are provided to perfomi 
equahzation such that gain is produced in the optical wavelength domain of said optical 
amplification medium wherein the gain is not maximized. 

[0016] 

As the No. 3 method, multiple optical amphfication media for amplifying the Ught, an 
excitation method for stimulating the multiple optical amplification media so as to 
produce at least one gain peak, and multiple gain equalizers that equahze the gain of said 
optical amphfication media between the multiple optical amplification media, are 
provided to ampUfy the light in the wavelength region where the gain that is generated by 
the multiple li^t amplification media and the excitation methods is not maximized. 

[0017] 

As the No, 4 method, an optical amphfication medixim doped with rare earth elements, an 
excitation fight source for exciting tiie rare-earth elements in said optical amplification 
medium and a gain equahzer device that equalizes the wavelength characteristics of the 
optical amplification gain that is generated by the excitation of said amphfication 
mediimi by the excitation light soxarce are provided where said optical excitation light 
source has a population inversion ratio wherein gain is generated in the wavelength band 
of the signal that is ampUfied by said amplification medium, where the wavelength band 
of the signal that is amplified by said amplification medium uses a band that does not 
include tibie maximum value of the gain that is generated by said optical amphfication 
medium by said excitation Ught source, where said gain equalizer device attenuates the 
maximum value of the gain in said optical amplification medium. 

[0018] 

As the No. 5 method, in methods 1 to 3 the inputs and outputs of said optical 
amphfication medium (media) are monitored, and feedback to the excitation method is 
apphed in order to control to a specific value the gain of said optical amplification 
medium (media). 
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[0019] 

As the No. 6 method, a resonator(s) containing said optical application medium (media) 
is (are) provided in methods 1 to 3. 

[0020] 

As the No. 7 method, the optical ampUfication device of claims 1 to 3, characterized by 
said optical ampUfication medium (media) being an optical amplifier device(s) wherein 
the excitation causes excited emissions within the medium (media) in methods 1 to 3. 

[0021] 

As the No. 8 method, an optical amplifier device where the optical amplification medium 
is excited so that the population inversion rates of the optical amphfication medium, 
made fi'om erbium-doped fiber, are at a ratio between 0.7 and 1, where equalization is 
perfomied in said amphfication medium distributively or dispersively so that there will 
be nearly identical wavelength characteristics in said wavelength band passing through 
the wavelength band between about 1490 nm and 1530 nm and the wavelength of the 
excitation Ught source, 

[0022] 

As the No. 9 method, an optical amplifier device where the optical amplification medium 
is excited so that the population inversion rates of the optical amplification medium, 
made firom erbiirai-doped fiber, are at a ratio between 0.8 and 1, where equalization is 
performed in said amplification medium distributively or dispersively so that there will 
be nearly identical wavelength characteristics in said wavelength band passing through 
the wavelength band between about 1450 nm and 1490 nm and the wavelength of the 
excitation hght source. 

[0023] 

As the No. 10 method, an optical amphfier device where the optical amplification 
medium is excited so that the population inversion rates of the optical amplification 
medium, made from erbium-doped fiber, are at a ratio between 0.3 and 1, where 
equalization is perfomied in said amplification mediimi distributively or dispersively so 
that there will be nearly identical wavelength characteristics in said wavelength band 
passing through the wavelength band between about 1610 imi and 1650 nm and the 
wavelength of the excitation light source. 

[0024] 

As the No* 1 1 method, an optical amplifier optical amplification method selects the 
population inversion ratio of an optical amplification medium and expands the band over 
which there is gain generated by said optical amplification medium to set the wavelength 
bands that are used in optical telecommunications to a position that differs firom the gain 
peak value generated by said optical amphfier material, equalizing the gain so that the 
gain will be even over the wavelength band used in said optical telecommunications, and 
attenuating wavelength bands for which there is gain in the optical amplification medium 
in regions except for those wavelength bands used in said optical telecommunications. 
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[0025] 

As the No, 12 method, an optical ampUfier device is structured with an optical 
amplification mediimi that has at least one amplification gain peak and wherein there is 
population inversion by the excitation, and an equalizer is structured so that equalizes the 
gain characteristics of said amplification medium so as to obtain a nearly even gain band 
at frequencies lower than the peak value of said ampUfication gain. 

[0026] 

[Embodiments of the Invention] 

Figure 2 shows the wavelength characteristics of the relative gain coefficients in various 
population inversion rates of sihca erbium-doped fiber (EDF). 

[0027] 

The population inversion rates are defined by the proportion of the erbium ions that are 
excited, where this rate goes to 1.0 when all of the ions are excited (i.e., when all 
electrons are excited to the higher levels), and if none of the ions are excited (i.e., all are 
in the non-excited level), then the population inversion ratio is 0.0. 

[0028] 

The relative gain coefficient on the vertical axis is the gain per unit length. 
[0029] 

At present, multi-wavelength optical fiber amplifiers using siUca-based eibixmi-doped 
fibers (EDF) for high-capacity uses pump the silica-based erbium-doped fiber EDF 
population inversion rates up to about 0.7 so that the amplification band is in the 1550 nm 
band (1530 to 1570 nm), and then use the silica-based erbium-doped fiber (EDF) 

[0030] 

Then the band wherein the gain is the greatest is used, and a gain equalizer is used as well 
to produce an even gain that is independent of the wavelength. 

[0031] 

As with C-band, multi-wavelength optical amplifiers that amplify the long-wavelength L- 
band (1560 to 1610 nm) are nearing the level for commercialization. 

[0032] 

In these optical amplifiers, the population inversion rates are dropped on purpose to about 
0.4 in the silica-based erbium-doped fibers (EDF) to construct an L-band optical 
amplifier by producing a gain that is both equalized and maximized for the gain per unit 
, length for the long-wavelength band (L-band). 

[0033] 

This L-band optical amplifier that uses silica-based erbium-doped fibers (EDF) produces 
the required gain by using longer EDF lengths because, as is shown in Figure 2, the gain 
for a given EDF length is less than the gain for C-band optical amplifiers that use EDF. 
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[0034] 

When one looks closely at the wavelength characteristics of the gain in Figure 2 when the 
population inversion ratio is put to» for example, 0.9, it c^n be seen that high gains are 
achieved in bands where they have not been achieved before, such as the 1450 to 1530 
nm band or the 1610 to 1650 nm band. 

[0035] 

However, because the per-unit length gain for the C-band (1530 to 1570 nm) is large 
when the population inversion ratio is 0.9, the araphfication effect is dominated by the C- 
band. 

[0036] 

Because of this, in this invention a gain equalizer (GEQ) is used to suppress the C-band, 
[0037] 

Figure 3 extracts the gain/wavelength characteristics for the 0.9 population inversion ratio 
case from Figure 2, and shows the per-unit length gain characteristics when the S-band 
gain is extracted and equalized. 

[0038] 

When the population inversion ratio in Figure 3 is at 0.9, there is a gain peak in the 
vicinity of 1530 nm. 

[0039] 

Whra the area of the gain peak that is marked by the diagonal lines is eliminated, then 
there will be gain equalization such that, in the S-band, there will be flat gain" 
characteristics as shown by the white cutout rectangle area, and the other wavelength 
bands are eUminated. 

[0040] 

Using this method, not only is the large per-xmit-length gain in the C-band cut by the 
equalizer, but also the per-unit-length gain for the S-band is reduced because of the 
equalization for flattening the gain in the S-band for ease in wave domain multiplexing of 
the transmitted signal Ught 

[0041] 

However, the per-unit-length gain for the L-band optical amplifiers that amplify the Ught 
using the 0.4 population inversion ratio of Figure 2 can produce a large gain. 

[0042] 

In other words, when one considers that it is possible to create a practical optical fiber 
amphfier in the L-band, gain equalization is performed in order to obtain flattened gain 
characteristics at points that are diflferent from the location of the peak value in the center 
of this band (i.e., on the periphery of the gain characteristics) by increasing the 
population inversion ratio in the ampUfication medium and spreading the band over 
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which gain is produced in the optical amplification medium, and in order to obtain the 
desired gain, the length of the optical ampUfication medium and the gain equalizer are 
selected based on the gain characteristics at the population inversion rates of the energy 
of the optical amplification in order to produce an optical amplifier that has practical gain 
in the S-band, the S-^- band, and the L+- band using silica-based erbiimi-doped fibers 
(EDF). 

[0043] 

In particular, when we consider the characteristics of the population inversion rates in 
relation to gain and wavelength for fibers that are doped with erbium, these fibers are 
more effective than the existing C-band amplifiers and L-band amplifiers in creating 
optical amplifiers that are able to produce nearly flat wavelength bands on the short 
wavelength side. 

[0044] 

Figure 4 shows the wavelength characteristics of a gain equalizer (GEQ, an "optical 
filter") in the S-band, 

[0045] 

The structure is such that there is a transmittance region in the band between 950 nm and 
1000 nm so that the 980 imi excitation Ught source can pass through, and in the 1490 nm 
to 1530 nm band the transmittance falls as the wavelengths grow longer in order to be 
able to produce the gain characteristics of the white cut out rectangle in Figure 3 
corresponding to the amplification gain. 

[0046] 

Looking at Figure 4 in terms of Figure 2, Figure 4 shows a structure that suppresses the 
gain peak that is centered on 153 1 nm, which is characteristic of the gain equalizer that 
been structured; however, for EDF, when a population inversion is selected so that there 
is gain in the S-band, the peak wavelength will shift between about 1528 nm and 1535 
nm depending on the dopant material (materials such as Al or Ge) and depending on the 
structure of the effective cross-sectional area of the fiber. 

[0047] 

Consequently, because the gain peak central wavelength will vary depending on the type 
of ampUfication medium, the characteristics of the gain equaUzer must be caused to 
match the central wavelength of the gain and the population inversion ratio for each 
individual amplification mediuuGi, and the structure must be such that the amount of 
equalization is adjusted depending on the wavelength. 

[0048] 

Figure 5 shows an example of an actual structure for an S-band optical amplifier. 
[0049] 

In the figure, 1 is a silica-based erbium-doped fiber (EDF), 2 is a gain equalizer (GEQ), 
3 1 and 32 are optical isolators, 4 is the excitation Ught source, 5 is a multi-wavelength 
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coupler, 8 is the input terminal, 9 is the output terminal, 71 and 72 are optical splitter 
couplers, 81 is an input monitor PD, 82 is an output monitor PD, and 50 is a gain control 
circuit (AGC). 

[0050] 

The multi-wavelength light that is input through input terminal 8 passes through the 
optical isolator 3 1 and the multi-wavelength coupler 5 and is input into the siUca-based 
erbium-doped fiber (EDF) 1, which is the amplification medium that produces excited 
emissions through excitation. 

[0051] 

The sihca-based erbium-doped fibers (EDF) used here have a 7^m mode field, and Er 
density of 500 ppm and a fiber length of 150 m. 

[0052] 

The configiuration of the fiber is only one example, and typical EDFs can be used, 
(Typical EDF mode field diameters of EDF fibers currently on the market range fi-om 5 
|mi to 8 fam and Er densities range fi:om 100 ppm to 1500 ppm. When it comes to fiber 
length, the length is adjusted for the amplifier depending on the gain for the amplification 
and on the density, and can be anywhere in a broad range firom 1 m to 10 km*) 
Furthermore, the fiber length is subject to adjustment depending on the gain to be 
obtained and the per-unit-length gain in the wavelength band used, which depends on the 
population invereion ratio. 

• 

[0053] 

In the silica-based erbium-doped fiber (EDF) 1, the multi-wavelength Ught that is 
injected through input terminal 8 is optically amplified by the 0,98 jim excitation light 
firom the excitation Hght source 4 that was injected through the multi-wavelength coupler 
5, and then is input into the gain equalizer 2. 

[0054] 

At this time, the excitation light power is controlled so that the population inversion ratio 
in the silica-based erbium-doped fiber 1 will be 0.9 and the wavelength characteristics in 
Figure 3 axe obtained. 

[0055] 

The gain equalizer 2 fimdamentally has the gain equalization characteristics shown in 
Figure 4, and although the gain equalization is performed to produce gain with the 
chairacteristics of the white rectangular cutout in Figure 3, because the gain equalizer 2 is 
estabhshed after the silicon-based erbium-doped fiber (EDF) 1, the excitation need not 
necessarily be transparent to light. 

[0056] 

This gain equalizer 2 can be made from combinations of multiple Fabre-Perot etalon 
filters, multilayer dielectric filters, and/or fiber grating filters. 
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[0057] 

The output of the gain equalizer 2 outputs the amplified light from the output teraiinal 9 
through the isolator 32. 

[0058] 

The optical splitter coupler 71 on the input terminal side spUts a portion of the incident 
light and inputs it into the input monitor PD 8 1 , and the optical splitter coupler 72 on the 
output terminal side splits a portion of the Ught that was ampUfied by EDF 1 and inputs it 
into the output monitor PD 82, 

[0059] 

The automatic gain control circuit (AGC) 50 controls the optical power that is output 
from the 0.98 \xm semiconductor laser that serves as the excitation light source 4 based 
on the light that was detected at the input monitor PD 8 1 and the output monitor PD 82 so 
that the gain of the erbium-doped fiber 1 remains constant. By maintaining the EDF gain 
at a constant value the population inversion ratio is also maintained at a constant value 
regardless of the input power. 

[0060] 

When it is desirable that the output level be controlled to a constant value in addition to 
having the automatic gain control circuit (AGC) 50, then a variable attenuator is provided 
at either the input terminal 8 or the output terminal 9, making it possible to control the 
output of the optical amplifier to a constant value by controlling either the level of the 
optical signal that is input to the optical amplifier or controlling the level of the optical 
signal that is output from the optical amplifier, even when the gain of the optical 
amplifier is controlled to a constant value. 

[0061] 

The reason why the gain of the automatic gain control circuit (AGC) 50 is controlled so 
that it remains constant is that the wavelength characteristics would change, as is shown 
in Figure 2, when there are changes in the gain. 

[0062] 

Consequently, by adapting to changes in the gain wavelength characteristics of the silica- 
based erbiiun-doped fiber EDF through either controlling the angle of incidence or the 
temperature of the filter within the gain equalizer or through the use of a variable 
wavelength filter, such as a resonant optic filter, so that the characteristics of the gain 
equalizer (GEQ) 2 are variable the excitation light power from the excitation light source 
can be controlled by the automatic level control circuit (ALC) so that the optical 
amplification output level remains constant by monitoring either the output monitor PD 
82 or the input monitor 81 alone. 

[0063] 

The reason why the 0.98 jam excitation light source is used in Figure 5 is because it is 
able to raise the population inversion ratio to just about 1 when combined with a 
conventional EDFA, and insofar as there is gain in the band to be transmitted, a 1.48 ixm 
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band (ranging firam 1.45 |im to L49 |im) light with good amplification efficiency relative 
to EDF can be used instead. 

[0064] 

Although in Figure 5 the explanation was made using forward-direction excitation where 
the excitation was from the input tenrrinal side of the EDF, and multi-wavelength coupler 
can be inserted between the gain equaUzer 2 and the optical isolator 32 to excite in the 
backwards directions, stimulating from the EDF output terminal side, or bi-directional 
excitation, where the excitation light source excites the EDF from both the input terminal 
side and the output terminal side, can be used. 

[0065] 

Additionally, in the case of bi-directional excitation, a combination of the 0.98 \im and 
the 1 .48 jiim bands can be used as the excitation wavelength. 

[0066] 

However, the wavelength characteristics of the equalizer must be such that it is possible 
for the 1.48 band to pass the 0.98 band excitation light, [sic] 

[0067] 

In this way, when 2 excitation light images [sic] are used, the light source of either 
wavelength can be used for the forward excitation. 

[0068] 

In addition, here the excitation light source need not necessarily be just a single 
semiconductor laser, but a composite of wavelengths or polarizations of light from 
multiple semiconductor lasers can be outputted. 

[0069] 

Although a popiilation inversion ratio of 0.9 was used as an example in the example of an 
S-band optical amplifier in Figure 5, the populations in version rate can be selected to 
have the gain in the band region used, and gain equalization can be performed to reduce 
the gain in bands other than those in the band region used, and so an S-band optical 
amplifier can be structured using population inversion rates ranging from 0.7 to 1 with 
the optical amplification medium used in Figure 5. 

[0070] 

Similarly, when structuring an S+- band optical amplifier for the bands between 1450 nm 
and 1490 nm, a population inversion ratio between 0.8 and 1 can be used. 

[0071] 

In addition, when structuring an L+- band optical amplifier for the bands between 1610 
nm and 1650 nm, a population inversion ratio between 0,3 and 1 can be used. 

[0072] 
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Moreover, because the gains obtained for each band will vary in terms of the gain of the 
optical amplifier, the length of the EDF (which is the optical amplification medium) must 
be selected to match the targeted gain. 

[0073] 

The S-band optical amplifier of this invention is definitively different from L-band 
optical amplifiers for which the technology has been completed akeady. 

[0074] 

When the gain wavelength characteristics of the L-band optical amplifiers that use 
population inversion rates of about 0.4 (Figure 2) are examined, the gain for the L-band is 
at its maximum (even though the value itself is small). 

[0075] 

This is because the excitation light power is converted into an L-band signal 
spontaneously if the population inversion ratio is held at 0.4 by the gain control circuit 
(AGC), meaning that the amplifier has a high amplification efficiency in the band of light 
being amplified. 

[0076] 

On the other hand, when S-band amplification is performed using amplification fiber and 
a population inversion ratio of 0.9, with a gain equalizer, it will be necessary to suppress, 
for example, the C-band (wherein the gain is larger than for the S-band). 

[0077] 

As is shown in Figure 5, when GEQ2 is provided on the output side then the conversion 
efficiency of the optical amplifier is extremely poor because the majority of the excitation 
light power is converted into natural emissions (ASE) outside of the S-band. The 
conversion efficiency is several percent or lower. 

[0078] 

In general, the conversion efficiency of optical amplifiers is about 60% in the C-band, but 
in the L-band conversion efficiencies of about 40% have been achieved, 

[0079] 

Figure 6 shows an example of embodiment for improving the conversion efficiency 
relative to the structure in Figure 5. 

[0080] 

In Figure 6 the amplification medium for obtaining the desired gain is divided into 
multiple segments, and between each segment is placed a gain equalizer to layout the 
gain equalizers in a dispersed or distributed manner in the lengthwise direction along the 
entire amplification medium within the optical amplifier. 

[0081] 
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In the figure, 11, 12, and 13 are silica-based erbium-doped fibers (EDF), 21, 22, and 23 
are gain equalizers (GEQ), 3 1 and 32 are optical isolators, 4 is an excitation light source, 
5 is a multi-wavelength coupler, 8 is the input teraunal, 9 is the output tenninal, 71 and 
72 are optical splitter couplers, 81 is the input monitor PD, 82 is the output monitor PD, 
and 50 is the gain control circuit (AGC). 

[0082] 

The multi-wavelength light that is injected from the input tenninal 8 passes through the 
optical splitter coupler 71 and the optical isolator, along with the multi-wavelength 
coupler 5, and is injected into the siUca-based erbium-doped fiber (EDF) 1 that is the 
amphfication medium. 

[0083] 

If this EDF 1 has a length of 50 m in order to obtain the desired gain using a population 
inversion ratio of 0.9, this EDF 1 is segmented each meter into the silica-based erbium- 
doped fiber 11, (EDFl) through siUca-based erbium-doped fiber 13 (EDF50). 

[0084] 

After that, each EDF segment is connected, respectively, to GEQ'l, 21 through GEQ^SO, 
23. 

[0085] 

At this time, the GEQ' wavelength characteristics of their transmittances are reduced to 
1/50 of the transmittance rates (in terms of dB units) in the signal wavelength band of the 
GEQ (i.e., 1490 to 1530 nm) because 50 of the GEQ' units have been inserted, 

[0086] 

In the silica-based erbium-doped fiber (EDF) 1, the multi-wavelength hght that is 
injected ttirough the input temiinal 8 is amphfied by the 0.98 ]xm excitation light firom the 
excitation light source 4 that is injected through the multi-wavelength coupler 5, and is 
injected into the gain equalizer 2. 

[0087] 

At this time, the power of the excitation light in the silica-based erbium-doped fiber 1 
performs excitation in order to obtain the wavelength characteristics such as shown in 
Figure 3 at a population inversion ratio of 0.9. 

[0088] 

The gain equalizers 21 through 23, as a whole, has the gain equalization characteristics 
shown in Figure 4, giving the gain of the silica-based erbium-doped fiber (EDF) 1 the 
characteristics shown by the white rectangular cutout in Figure 3, and the gain 
equalization is performed so that the excitation light is transmitted and the amplified hght 
is output through the optical isolator 32 from the output terminal 9. 



[0089] 
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The individual gain equalizers may each have its own unique equalization characteristics, 
and even if they have the same equalization characteristics, the characteristics obtained as 
the final result should be as the characteristics shown in Figure 4. 

[0090] 

The gain equalizers 21 through 23 can be created by a combination of Fabry-Perot etalon 
filters and dielectric multilayer filters, or fiber grating filters, 

[0091] 

The input-side optical splitter coupler 71 splits off a portion of the incident light and 
injects it into the input monitor PD 81, while the output-side output splitter coupler 72 
spUts off a portion of the light that was ampUfied by the EDFl and injects it into the 
output monitor PD. 

[0092] 

The automatic gain control circuit (AGC) 50 controls the optical power that is output 
from the 0.98 ^m semiconductor laser that is the excitation light source 4 based on the 
light that is detected by the input monitor PD and the output monitor PD to maintain the 
gain of the optical amplifier (or, more strictly speaking, the gain of the EDF) at a constant 
value. 

[0093] 

Here the control in order to keep the gain constant is because variation in the gain causes 
variations in the wavelength characteristics. 

[0094] 

Consequently, insofar as it is an equaUzer wherein the characteristics of the gain 
equalizer (GEQ) 2 can be changed and wherein it can accommodate changes in the 
wavelengtii characteristics due to changes in the gain by the EDF, then the control can be 
performed through an automatic level control circuit (ALC) such that the output level is 
kept constant by monitoring either the output monitor PD 82 or the input monitor 81 
alone. 

[0095] 

In addition, when it is desirable to perform control so that the output level is constant 
while maintaining the wavelength characteristics of the gain through the use of the 
automatic gain control circuit (AGC) 50, a variable attenuator can be equipped as the 
input terminal 8 or the output teraiinal 9 so that the output of the optical ampUfier can be 
maintained at a constant level through controlling either the optical signal level that is 
injected into the optical amplifier or the output of the optical amplifier even if the gain of 
the optical amplifier is controlled to a constant gain. 

[0096] 

In Figure 6, a 0.98 jim excitation light source was used; however, a 1.48 jam excitation 
light source may be used instead. 
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[0097] 

Furthermore, the explanation of Figure 6 used forward excitation to excite the EDF from 
the input terminal side, a multi-wavelength coupler can be equipped between the optical 
isolator 32 and the gain equalizer 23 to allow backwards excitation from the output 
terminal side of the EDF or bi-directional excitation, providing excitation to the EDF 
using the excitation hght from both the input terminal side and the output terminal side of 
the EDF. 

[0098] 

Furthermore, when bi-directional excitation is used a 0.98 |jm excitation light source and 
a 1 .48 Jim excitation light source can be used. 

[0099] 

In this case, the excitation light with either wavelength can be used as the forward 
excitation. 

[0100] 

In addition, here the excitation Ught source is not necessarily only a single semiconductor 
laser, but rather a composite of wavelengths and polarizations of light output by multiple 
semiconductor lasers can be outputted. 

[0101] 

In addition, when it is necessary for the population inversion ratio to be high, (such as 1), 
then high levels of optical power are required in the excitation light source, and thus a 
stmcture wherein multi-wavelength couplers are equipped between each EDF segment 
■ and forward excitation, backwards excitation, or bi-directional excitation can be 
performed on each, 

[0102] 

Although a population inversion ratio of 0.9 was used as an example in the example of an 
S-band optical amplifier in Figure 6, the populations in version rate can be selected to 
have the gain in the band region used, and gain equalization can be performed to reduce 
the gain in bands other than those in the band region used, and so an S-band optical 
amplifier can be structured using population inversion rates ranging from 0.7 to 1 with 
the optical ampUfication medium used in Figure 6. 

[0103] 

Similarly, when structuring an S+- band optical amplifier for the bands between 1450 nm 
and 1490 nm, a population inversion ratio between 0.8 and 1.0 can be used. 

[0104] 

In addition, when structuring an L+- band optical amplifier for the bands between 1610 
nm and 1650 nm, a population inversion ratio between 0.3 and 1 .0 can be used. 
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In the section below, the structure of Figure 5 will be compared to the structure of Figure 
6 to explain the improvement in the conversion rate of the excitation light power into S- 
band signal light. 

[0106] 

In the optical ampUfier in Figure S the ASE shaped as shown in Figure 3 is extremely 
large, and because the portion that is shown with the diagonal lines is eliminated by the 
GEQ, the excitation power is converted into uimecessary ASE, which is a tremendous 
waste. 

[0107] 

On the other hand, even though in Figwe 6, of course, the ASE shaped as shown in 
Figure 3 is generated, it is shaped by the GEQ before it is amplified to high powers (or in 
other words, the unneeded part is removed before amplification), leading to improved 
efficiencies, 

[0108] 

When this is expressed quantitatively, if we assume the total ASE power in Figure 5 (i.e., 
for the total area) is 100 mW, and we eliminate the part shown with the diagonal lines 
(which we assume to be 90%), then about 90 mW is thrown away. (In other words, this 
90 mW has been converted from the excitation light, so, at the very least, 90 mW of 
excitation hght power has been thrown away.) 

[0109] 

Because the white rectangular cutout area is in the signal band, it cannot be eliminated. 
[0110] 

In Figure 6, if, for example, about 1/50 of the ASE power (area) is 2 mW, then even if 
90% is thrown away, at most 1.8 mW has been thrown away. 

[0111] 

The critical point here is that the 1.8 mW ASE that is generated in the silica-based 
erbium-doped fiber 1 1 (EDFl) causes excited emissions in the next stage if it is not 
eliminated using the GEQ, caiising the excitation Ught power to be wasted, 

[0112] 

In other words, placing a single GEQ on the output side, as shown in Figure 5, does 
nothing but cause the waste ASE to grow, after which it is eliminated by the GEQ. 

[0113] 

On the other hand, in Figure 6, the ASE is eliminated when it has only grown sUghtly, 
making it possible to use that part of the excitation energy that had been used for 
ampUfying the ASE further from the ASE that had been generated, appljang it instead to 
amplification energy for the signal, thereby improving the conversion efficiency. 
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In this way, segmenting the EDF and inserting low-loss GEQs between the segments 
increases the conversion efficiency. 

[0115] 

The key to improvement in the conversion efficiency is the selection of the position of 
the GEQs in the lengthwise direction of the fiber for amphfication. 

[0116] 

As a change in Figure 5, the silica-based erbiirai-doped fiber can be divided into two 
segments, and a gain equalizer can be placed between the two segments to produce the 
characteristics shown by the rectangular cutout in Figure 3 at the final output. 

[0117] 

Witti this structure it is possible to improve the efficiency of conversion into an S-band 
signal light fi:om the excitation light power, over the efficiency in the structure where a 
single gain equalizer is placed on the output side* 

[0118] 

Although Figures 5 and 6 use an example where existing silica-based EDFs are used, 
other different structures can be used where distributed gain equalizers are structured as 
shown in Figure 7 when the Er additive density is increased, the fiber length is shortened, 
or an optical wave guide is used. 

[0119] 

Figure 7 shows a shortened fiber or an Er-doped optical wave guide where the density of 
the added erbium element per-unit-length is increased and a chlorinated material is used 
as the base material. 

[0120] 

Figure 14 shows the core, Figm-e 15 shows the cladding, and Figure 16 shows the grating. 
[0121] 

In Figures 5 and 6 the EDF has a mode field diameter of 7 [im and the Er element is 
doped at 500 ppm. At this time the population inversion ratio is set a 0.9, requiring the 
total length of the EDF to be about 150 m in order to obtain the target gain of about 20 
dB. 

[0122] 

Consequently, if the fiber or the wave guide substrate base material used high density Er 
doping of 15 x 10^ ppm, then a total length of 5 cm would be adequate to receive the 
same gain. 

[0123] 

If, in this way, the length traversed by the light is 5 cm, then the grating 16 that functions 
as the GEQ to perform the gain equalization so as to attenuate the wavelengths that are 
outside of the wavelength band for which the amplification is to be performed such as 
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shown in Figure 6 is formed in the optical fiber or optical wave guide core part 14. In 
such a case, it is important to use a technology such as the long-period grating technology 
so that the light that is eliminated by the GEQ is not retumed to the core to cause 
resonance. In other words, when the light that is removed from the GEQ is retumed into 
the core, it structures a resonator within the Er-doped fiber that is the amplification 
medium, leading to unstable operation due to resonance or to unwanted laser emissions. 
It is necessary to create and install the GEQs to avoid this situation. 

[0124] 

At this time, the gratings can be placed in multiple locations such as shown in Figure 6 
and can be placed in all of core 14. 

[0125] 

When such a stmcture is used, it is possible to obtain the same effect as when the number 
of grating partitions in Figure 6 was infinitely large. 

[0126] 

By stmcturing as shown in Figure 7, it is possible to structure an optical amplifier with 
excellent optical effects similar to when the GEQs were located in a distributed pattem 
such as shown in Figure 6. 

[0127] 

Figure 8 shows the gain-wavelength characteristics when there are changes in the 
excitation current of the semiconductor optical amplifier. 

[0128] 

When a semiconductor optical amplifier is used, a bias current is used as the excitation 
source rather than Ught. 

[0129] 

As can be seen in Figure 8, the semiconductor optical amphfier has an amplification 
peak, and by changing the population inversion ratio by changing the excitation current 
the wavelength position of the ampfification peak and the gain are changed, and the gain- 
wavelength characteristics are changed. 

[0130] 

Consequently, as with the use of EDF, the electrical current value is selected so that the 
population inversion ratio will be such that the gain is maintained in the band region that 
amplifies the light (or in other words that the gain is held constant), so by using multiple 
gain equalizers to equalize the gain that is produced by the optical amplification in the 
unneeded band ranges it is possible to produce an optical amplifier that has an excellent 
conversion ratio in a band outside of the band where the gain is the greatest. 

[0131] 

Figure 9 shows a specific example of the structure of an optical amplifier in a 
semiconductor optical amplifier. 
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[0132] 

Although the specific stracture is the same as the structure in Figure 6, multiple 
semiconductor amplifiers 33, 34, and 35 are used instead of EDFl . 

[0133] 

The multi-wavelength light that is injected firom input terminal 8 passes through the 
optical splitter coupler 71 and the optical isolator, and is injected into the semiconductor 
optical amplifiers (SOA) 33 through 35, which comprise the amplification media. 

[0134] 

Here the semiconductor optical amplifiers (SOA) required in order to obtain the specific 
gain in the target wavelength band are established in multiple stages. 

[0135] 

In addition, gain equalizers 21 (GEQ* 1) through gain equalizer 23 (GEQ* 50) are 
connected between the respective semiconductor amplifier segments. 

[0136] 

At this time, the GEQ' transmittance wavelength characteristics are such that the 
transmittance characteristics (in units of dB) for the amount of gain equaUzation is 
divided by the number units (relative to the equalization that is performed all at once in 
the final stage such as shown in Figure 5) because multiple GEQ' units have been 
inserted. 

[0137] 

The individual gain equalizers may each have its own unique equalization characteristics, 
and even if they have the same equalization characteristics, the characteristics obtained as 
the final result should be such that a fiat gain region is obtained in the target band. 

[0138] 

The gain equalizers 21 through 23 can be created by a combination of Favry-Perot etalon 
filters and dielectric multilayer filters, or fiber grating filters. 

[0139] 

The input terminal-side optical sphtter coupler 71 spUts off a portion of the incident light 
and injects it into the input monitor PD 81 and the output teraiinal-side output splitter 
coupler 72 splits off a portion of the hght that has been amplified by the semiconductor 
amplifiers SOA 33 - 35 and injects it into the output monitor PD. 

[0140] 

The automatic gain control circuit (AGC) 50 controls the bias level of the excitation 
current for semiconductor optical amplifiers SOA 33 to 35 to based on the light that is 
detected by the input monitor PD and the output monitor PD to maintain the gain of the 
optical amplifier at a constant value. 
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[0141] 

Here tiie reason why control is exerted so that the gain will be level is because the 
wavelength characteristics will vary if there are variations in gain. 

* 

[0142] 

Consequently, if a gain equalizer (GEQ) with variable characteristics is used as the 
equalizer so that changes in the gain by the SOA can adapt to changes in the wavelength 
characteristics, then by monitoring the output monitor PD82 or the input monitor 8 1 
alone, control so that the output level will be constant can be exerted using an automatic 
level control circuit (ALC) 

[0143] 

In addition, when it is desirable to perform control so that the output level is constant 
while maintaining the wavelength characteristics of the gain through the use of the 
automatic gain control circuit (AGC) 50, a variable attenuator can be equipped as the . 
input terminal 8 or the output terminal 9 so tiiat the output of the optical amplifier can be 
maintained at a constant level through controlling either the optical signal level that is 
injected into the optical amplifier or the output of the optical amplifier even if the gain of 
the optical amplifier is controlled to a constant gain. 

[0144] 

Figure 10 is a structure where two fiber grating reflective mirrors (FG-Mirror) containing 
an optical amplification medium are structured into a Fabry-Perot oscillator when a 
silica-based erbium-doped fiber is used as the optical amplification medium, and a 
structure where it is not necessary for the automatic gain control circuit (AGC) to be 
controlled by the I/O monitors. 

[0145] 

In Figure 10, 9: 1 couplers (CPL) 73 and 74 are equipped in the structure of Figure 6, and 
the fiber grating mirrors 42 and 43 are equipped in the destination that is divided out 
using the 9:1 couplers (CLP) 73 and 74. 

[0146] 

The number 1 9:1 coupler (CPL) 73 is inserted between the multi-wavelength coupler 5 
and the number 1 silica-based erbium-doped fiber 21 (EDFl), 

[0147] 

At the end of the branch of the number 1 9:1 coupler (CPL) 73 is equipped the number 1 
fiber grating mirror (FG-Miiror) 42. 

[0148] 

The number 2 9:1 coupler (CPL) 74 is equipped between the gain equalizer 23 (GEQ 50) 
and the optical isolator 32. 
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At the end of one of the branches of the number 2 9:1 coupler (CPL) 74 is equipped the 
number 2 fiber grating mirror (FG-Mirror) 43. 

[0150] 

Below will be explained an example of operation using the case described above where 
the structure is an S-band multi-wavelength optical amplifier. 

[0151] 

First of all, preparations are made so that there is no signal light at the 1530 nm 
wavelength. 

[0152] 

The signal is amplified by the silica-based erbium-doped fiber 1, receives gain 
equalization by the multiple gain equalizers, receives the S-band gain wavelength 
characteristics such as shown by the white rectangular area in Figure 3, and is outputted. 

[0153] 

This light that was amplified by the silica-based erbium-doped fiber 1 is outputted 90% to 
the optical isolator 32 by the number 2 9:1 coupler 74, with the remaining 10% outputted 
to the fiber grating mirror (FG-Mirror) 43. 

[0154] 

The fiber grating mirror (FG-Mirror) 43 reflects the 1530 hght in the band of 
wavelengths of 1530 mn ± a few tenths of an nm, and is returned to the silica-based 
erbiimi-doped fiber 1 through the number 2 1 coupler 74. 

[0155] 

The siUca-based erbium-doped fiber 1 amplifies the returned light, and 10% of the light is 
split by the number 1 9:1 coupler 74 and is inputted to the number 1 fiber grating mirror 
(FG-MiiTor) 73 [sic]. 

[0156] 

The fiber grating mirror (FG-Mirror) 42 reflects the 1530 nm light in a band with 
wavelengths of 1530 nm ± several tenths of an nm, and again returns it to the silica-based 
erbium-doped fiber 1 through the first 1 coupler 73. 

[0157] 

This process structures a 1530 nm Fabry-Perot resonator firom the two fiber grating 
mirrors, the two 9:1 couplers (CPL) and the EDF (which is the amplification mediimi). 

[0158] 

In this structure, stimulating the EDF forms a population inversion, fiilfiUing the lasing 
conditions at the 1530 nm wavelength, producing a 1530 nm laser output. 

[0159] 
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When this losing occurs, the population inversion ratio is fixed at a single value (and the 
gain is also fixed), and thus even if the input is changed the gain and the wavelength 
characteristics of the gain remain constant. 

[0160] 

When the input signal is strong, then a lot of the excitation light power is expended in 
amplifying the signal light, and the laser operation at 1530 nm stops. 

[0161] 

When the laser operation stops, the gain stop being uniform. 
[0162] 

Here, even though a Fabry-Perot resonance is created by the configuration of the fiber 
grating in such a way that there is lasing at 1530 nm, the wavelengths that cause 
popxilation inversion of the energy in the optical amplification medium by the useable 
wavelengths that pass through the gain equalizer, insofar as it is not a place where the 
signal Ught exists, can be anywhere in the S-band. 

[0163] 

In addition, this resonator structure is not limited to a Farby-Perot resonator, but can also 
use a ring-shaped resonator. 

[0164] 

Although the explanation used the example of the S-band, even other bands, if they are in 
a wavelength that causes a population inversion in the energy in the optical amplification 
medium using a wavelength that passes through the gain equalizer can be anyplace in the 
amplification band as long as it is a place where the signal light does not exist. 

[0165] 

In addition, when the gain equalizer is structured as is shown in Figure 4, the greater part 
of the gain that is generated by the population inversion is discarded, and so a gain 
equalizer that passes wavelengths in a portion of the region that is discarded can be 
constructed and the wavelengths that are reflected by the fiber grating mirror can be 
selected to resonate with these wavelengths. 

[0166] 

The reasons why the gain of the signal light due to the lasing is imiform are explained 
using Figures 1 1 and 12. 

[0167] 

Figure 1 1 explains the case where the gain characteristics due to the lasing in the C-band 
optical amplifier are uniform. 

[0168] 

The C-band light signal is input at 1552 nm and the light is amplified by the optical 
amplification medium. 



rue iNo. W-UUU65 



[0169] 

As with Figure 10, both ends of the optical ampHfication medium are equipped with 
optical couplers, where, at the end of the branch of each there is a fiber grating mirror 
that reflects Ught at 1530 nm, forming a resonator and making it possible to confirm 
lasingat lS30nm. 

[0170] 

Figure 12 is a graph of gain measurements converted jfrom the levels at which the signal 
light is input into the optical amphfication medium using a light signal at the 1552 nm 
wavelength, as was done in Figure 11. 

[0171] 

The characteristics marked Avith the circles in the diagram are those characteristics where 
there is no resonator and no lasing, and it can be seen that the gain changes as the input 
level changes. 

[0172] 

The characteristic line marked with the squares shows the characteristics when an 
oscillator is constructed with the optical amplification media that resonates with 1530 
nm, and lasing occurs. 

[0173] 

In this characteristic line, the gain is constant over a broad input range from -35 dBm to 
-10 dBm even if the input level changes. 

[0174] 

Figure 12 is that of stopping the laser operation at about input -7 dBm. 
[0175] 

Figure 13 shows an example of a case of a broad band optical amplifier using this 
invention. 

[0176] 

A multi-wavelength optical signal comes in through a transmission on a transmission 
path 57 made from an optical fiber. 

[0177] 

The transmission path 57 can use a single-mode fiber SMF (a; zero-dispersion 1 .3 jim 
fiber), a dispersion-compensation fiber (a fiber that has a negative dispersion value 
relative to the SMF), a dispersion-shifted fiber DSF (a fiber where the zero-dispersion 
value is in the signal wavelength band for the transmission), and a non-zero dispersion 
shifted fiber NZ-DSF (a fiber where the zero-dispersion value is provided adjacent to the 
wavelength band for the signals that are used for transmission). 
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The transmission path 57 is excited by the excitation light source 56 through the multi- 
wavelength coupler 66 to perform Raman amplification in order to perform distributed 
amplification on the transmission path, thereby improving the noise figure (NF) when 
amplifying after partitioning by each wave band region in the later stages. 

[0179] 

The multi-wavelength optical signals that are amplified by the excitation light source 56 
are divided into the various wavelength bands (the L-band, the C-band, and the S-band) 
by the WDM filter. 

[0180] 

The light is input into the L-band optical amplifier 60, the C-band optical amplifier 61, 
and the S-band optical amplifier 62, respectively, and each amphfies the respective light 
signals. 

[0181] 

The C-band optical amplifier 61 is structured fi:om the L-band [sic] optical amplification 
units 61-1 and 61-2, the splitting coupler 75, the dispersion-compensation fiber 53, the 
variable attenuator 52, the automatic gain control circuit 50, and the automatic level 
control circuit 5 1 . 

[0182] 

For the C-band optical amplifier units 61-1 and 61-2 the population inversion ratio is put 
to about 0.7 by the automatic gain control circuit 50 and amplification with little 
difference in gain between 1530 pm and 1570 |jm [sic] is achieved by maintaining a 
constant gain. 

[0183] 

The dispersion-compensation fiber 53 is provided to compensate for dispersion in the 
transmission path. 

[0184] 

The variable optical attenuator 52 is controlled by the automatic level control circuit 5 1 to 
attenuate the output of the C-band optical amplifier unit 61-1 so that the output of the C- 
band optical amplifier unit 61 is a constant value. 

[0185] 

The L-band optical amplifier 60 is structured firom the L-band optical amplification units 
60-1 and 60-2, the splitting coupler 75, the dispersion-compensation fiber 53, the variable 
attenuator 52, the automatic gain control circuit 50, and the automatic level control circuit 
51. 

[0186] 

The L-band optical amplifier units 60-1 and 60-2 are given a low population inversion 
ratio by the automatic gain control circuit 50 and even though the gain is suppressed to a 
constant level, the length of the EDF (which is the amplification medixrai) is adjusted so 
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that the gain between 1570 nm and 1610 nm will be the same as for the C-band ampUfier 
[0187] 

The dispersion-compensation fiber 53 is provided to compensate for dispersion in the 
transmission path. 

[0188] 

The variable optical attenuator 52 is controlled by the automatic level control circuit 5 1 to 
attenuate the output of the L-band optical amplifier unit 60-1 so that the output of the L- 
band optical amplifier imit 60 is a constant value. 

* 

[0189] 

The S-band optical amplifier 62 is structured from the S-band optical amplification units 
62-1 and 62-2, the splitting coupler 75, the dispersion-compensation fiber 53, the variable 
attenuator 52, the automatic gain control circuit 50, and the automatic level control circuit 
51. 

[0190] 

The S-band optical amplifier units 62-1 and 62-2 are given a low population inversion 
ratio by the automatic gain control circuit 50 and even though the gain is suppressed to a 
constant level, the length of the EDF (which is the amplification medixmi) is adjusted so 
that the gain between 1590 nm and 1530 nm will be the same as for the C-band amplifier 
unit. 

[0191] 

Also, when it comes to these S-band optical ampUfier units 62-1 and 62-2, the structures 
of all of the other examples of embodiment of this invention and wavelength bands apply. 

[0192] 

The dispersion-compensation fiber 53 is provided to compensate for dispersion in the 
transmission path. 

[0193] 

The variable optical attenuator 52 is controlled by the automatic level control circuit 5 1 to 
attenuate the output of the L-band optical amplifier unit 60-1 [sic] so that the output of 
the S-band optical amplifier unit 62 is a constant value. 

[0194] 

The outputs of the L-band optical amplifier 60, the C-band optical amplifier 61, and the 
S-band optical amplifier 62 are output to the multi-wavelength transmission path by the 
WDM (wavelength-divided multiplexer) coupler 55. 



[0195] 



i t 
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In Figure 13 the explanation was based on a combination of the S-band, the conventional 
L-band, and the C-band, but combinations can also be made with the other wavelength 
bands described in Figure 1 . 

< 

[0196] 

This invention is not limited to the 3 wavelength bands that comprised the specific 
example of embodiment, but can apply to any combination of two or more wavelength 
bands. 

[0197] 

[Effects of the Invention] 

An optical ampUfier that has practical gain in the S-band, the S+- band, and the L+- band 
can be achieved using silica-based erbium-doped fibers (EDF) by increasing the 
population inversion ratio of the optical ampUfication medium, expanding the band width 
over which gain is produced by the optical amplification medium, by equalizing over this 
band width so as to be able to obtain flat gain characteristics at a position that is not the 
position of the peak value (the gain characteristic offset slope), and by selecting the 
length of the rough clothing [sic: amphfication] meclium for the light based on the gain 
characteristics of the gain equalizer and the optical amplification medium to obtain the 
desired gain value. 

[0198] 

Additionally, the conversion efficiency for converting fi-om excited light to the signal 
light can be improved by dividing the optical ampHfication medium into multiple 
segments and dividing the gain equalizer between the various optical ampUfication media 
segments to place them in a distributed or dispersed arrangement. 

[0199] 

In addition, similar improvements to the conversion efiBciency can be obtained by a 
structure where the gain equalizers are laid out in a distributed fashion in the gain 
equalization by providing a grating in the optical wave guide part of the optical 
amplification medium when the optical amplification medium can be structured into a 
small form. 

[0200] 

Because of this, this invention will make optical fiber amplifiers possible for new bands 
aside from C-band and L-band, and will contribute to an increase in capacity. 

[Simple Explanation of the Figures] 

Figure 1 shows bands that can be ampUfied in an optical fiber amplifier. 

Figure 2 shows the wavelength characteristics of gain in silicon-based erbium-doped 

fibers (EDF) and population inversion rates. 

Figure 3 shows the extraction and equalization of S-band gain from Figure 2, showing the 
gain-wavelength characteristics when the population inversion ratio is 0.9. 
Figxire 4 is a figure showing the wavelength characteristics of the gain equalizer. 
Figure 5 shows the first example of embodiment. 
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Figure 6 shows the second example of embodiment. 
Figure 7 shows the third example of embodiment. 

Figure 8 is a figure showing the gain characteristics of a semiconductor optical amplifier. 
Figure 9 shows the fourth example of embodiment. 
Figure 10 shows the fifth example of embodiment. 
Figure 1 1 shows the spectral characteristics when lasing. 

Figure 12 is a figure for explaining the principles behind the constant gain produced by 
lasing. 

Figure 13 shows a broad-band amplifier using this invention. 
[Explanation of Symbols] 

1, 11, 12, and 13 are silica-based erbium-doped fibers (EDF) 

2, 21, 22, and 21 [sic] are gain equalizers (GEQ) 

3 1 , and 32 are optical isolators 

33, 34, and 35 are optical semiconductor amplifiers 

4 is an excitation light source 

5 is a multi-wavelength coupler 

8 is an input terminal 

9 is an output terminal 

71, 72, 73, and 74 are optical splitter couplers 

81 is an input monitor PD (photodiode) 

82 is an output monitors PD (photodiode) 
50 is a gain control circuit (AGC) 

42 and 43 are fiber grating mirrors 
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[Document Name] Abstract 

[Abstract] 

[Topic] 

To make it possible to use in optical transmission bands aside from the bands used in 
existing optical amplifiers by expanding the amplification bands using existing optical 
amphfication media. 

[Method of Solution] 

A flat gain in a wavelength band different from the gain peak value is obtained by 
providing an optical amplification medium for ampUfying light with excited emission 
through excitation an excitation method that provides excitation that generates at least 
one gain peak, and providing a gain equalizer that equalizes the gain peak of the optical 
amplification medium. 

In order to improve the amphfication conversion efficiency, the optical amplification 
medium is provided with a gain equalization method distributed or dispersed along the 
lengthwise direction, thus improving the conversion efficiency of the optical 
amplification. 

[Selected Figure] 
Figure 6 
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pocument Name] Figures 
[Figure 1] 

[see source for figure] 
[Figure 2] 

[see source for figure] 
[Figure 3] 

[see source for figure] 
[Figure 4] 

J [see source for figure] 

[VERTICAL AXIS] Transmittance 
[IN FIGURE] Excitation Band 
[HORIZONTAL AXIS] Wavelength (rnn) 

[Figure 5] 

[see source for figure] 

[TITLE] Silica-based Erbium-doped Fiber (EDF) 

[UPPER LEFT] Input 

[UPPER RIGHT] Output 

[MIDDLE] 0.98 |mi excitation laser diode 

[LOWER LEFT] Input monitor photodiode 

[LOWER RIGHT] Ou^ut monitor photodiode 

[Figure 6] 

[see source for figure] 
[TOP] Silica-based Erbium-doped Fiber 1 
[UPPER LEFT] Optical Splitter 
[CENTER] 0.98 ^lm excitation laser diode 
[LOWER LEFT] Input monitor photodiode 
[LOWER RIGHT] Output monitor photodiode 



[Figure 7] 



[see soiirce for figure] 
14 Core 



15 Clad 

16 Grating 

[LOWER LEFT] Input 
[LOWER RIGHT] Output 

[Figure 8] 

[see source for figure] 
[Figure 9] 

[see source for figure] 

[TOP] Semiconductor Optical Amplifier 

[UPPER LEFT] Optical splitter 

[LOWER LEFT] Input monitor photodiode 

[LOWER RIGHT] Output monitor photodiode 

[Figure 10] 

[see source for figure] 

[TOP] Silica-based Eibium-doped Fiber 1 

[LEFT] Optical Splitter 

[Figure 1 1] 

[see source for figure] 

[Figure 12] 

[see source for figure] 
[TOP] With no lasing 
[MIDDLE] With lasing 

[Figure 13] 

4 

[see source for figure] 
57 Transmission path 
56 Excitation 
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